OBJECTIVES: Cardiovascular diseases, such as atherosclerosis and aneurysm, are closely associated with haemodynamic factors that are governed by luminal geometry. The present work aimed to study the effect of geometrical variation of aging aortas on haemodynamics.
INTRODUCTION
It is well recognized that cardiovascular diseases, such as atherosclerosis and aneurysm, are closely associated with haemodynamic factors that are governed by luminal geometry. Geometrical complexities in the human aorta, as illustrated by the presence of non-planar curvatures, supra-aortic branches and significant tapering of the aortic wall, give rise to complications in haemodynamic behaviours, thus making the aorta one of the most vulnerable arteries for possible development of cardiovascular diseases [1, 2] . In the past decade, the correlation of haemodynamics and cardiovascular diseases had been fairly understood [2] . Numerous computational and experimental studies had indicated the correlation of haemodynamic parameters such as wall shear stress (WSS) and flow variables with initiation and progression of atherosclerotic plaques and aneurismal diseases [2] . However, little is known about the influence of arterial geometry on haemodynamics with relatively less focus on local effects of arterial geometry. The earlier computational studies had undoubtedly provided the first insight on the effect of arterial geometry on haemodynamics [1, 3] . Nonetheless, they had made numerous approximations and simplifications in the aortic geometry. One of these was the approximation of the aorta as a smooth curved tube with a fixed cross-sectional area [1, 3] . Such simplifications failed to capture intricate geometrical details, hence lost insight on their manifestation in the unpredictable flow pattern due to the aortic geometry [4] .
Various techniques in imaging and numerical computation have been employed since a few decades ago. Numerical approaches, in particular, those which are capable of obtaining haemodynamic parameters non-invasively, have been used extensively. In recent years, image-based computational fluid dynamics (CFD) has emerged as a practical tool for investigating haemodynamics, and there is an emerging trend of analysing aorta models reconstructed from in vivo imaging data [5, 6] . These image-based CFD studies achieved the elimination of the above-mentioned simplifications by having realistic arterial geometry. Unfortunately, they were often limited in the selections of models that did not display significant geometrical variations from the ideal candy cane shape. Since an aorta of older age was reported to have larger radius of curvature with increased centerline length (question mark shaped) [4] , which can be associated with the increasing risk of developing cardiovascular diseases in old age, these studies with candy cane shaped aortas failed to represent that of the older population. The present study attempts to examine subject-specific aortas with distinct anatomical features and aims to provide a more comprehensive study of geometrical variation of aorta due to old age on fluid dynamics behaviour. With methodical examination, this promises a better insight on the aorta's geometrical influence.
MATERIALS AND METHODS

Reconstruction from computed tomography imaging
Six geometrically variant models of subjects with an age range of 54-72 (mean = 60.8 and SD = 5.1) chosen from our medical database of 75 subjects (mean = 66.5 and SD = 10.4) were examined. This medical database consisted of computed tomography (CT) data of 75 subjects aged 50 and above who underwent contrast enhanced CT aortograms for various indications at National University Hospital, Singapore (NUH) from 2008 to 2010. Subjects with previous open surgery or endovascular treatment of the thoracic aorta were excluded from the database. The majority (41) of the subjects were Chinese, followed by 10 Malays, 1 Indian, 1 Eurasian and 22 whose ethnicity could not be ascertained as it was not mandatorily recorded.
Geometrical information of the aortas of these six subjects was extracted as axial images (in-plane resolution of 512 by 512 pixels with pixel size of 0.68 mm and slice thickness of 0.6 mm) from our medical CT database. These CT images were imported into Mimics v13.1 (Materialise, Leuven, Belgium)-a medical image processing software, for segmentation and reconstruction of the six subject-specific aortas. These six geometrically variant aortas were segmented semi-automatically from the region distally to the coronary artery to the region proximally to the renal arteries, using Mimics v13.1 (Materialise). Figure 1 displays six geometrically variant models used in the current study. Interestingly, among all the six cases, there is one having a double-curve in the abdominal aorta (Case F).
Meshing and elements
A semi-automatic meshing technique was employed in HyperMesh v10.0 (Altair HyperWorks, Troy, MI, USA) to achieve optimal element quality of the surface meshes. The enclosed regions of the surface meshes were then filled with four-noded tetrahedral elements using the advancing-front method in HyperMesh mesh generator. To optimize between computational efficiency for the transient analysis and accuracy of the result, an average element size of approximately 2 mm was used to mesh the six models, resulting in a range of 500 000-900 000 elements for the six models. 
Flow model and boundary conditions
In this study, a commercial finite element package ADINA v8.6.0 (ADINA R&D, Inc., Watertown, MA, USA) was employed for the CFD simulations. Based on textbook references by Fung [7] and other literature [8] , blood flow in large vessels is usually assumed to be laminar since the mean flow velocity is predicted to be low enough to result in a relatively low Reynolds number. In our study, the average Reynolds numbers (Re ave ) based on the average flow velocity (V ave ) and average hydraulic diameter (D h, ave ) at peak systole ranges from 1249 to 2343 while the maximum Reynolds numbers (Re max ) in our models ranges from 1064 to 2389 (Table 1 ). The average Womersley numbers (α ave ) based on the D h,ave ranges from 17.57 to 25.21 (Table 1 ). For pulsatile unsteady flow, turbulence occurs at a Reynolds number much larger than expected for steady flow due to the fact of a more stable accelerating flow and a more unstable decelerating flow [7] . From the experimental study on canine aortas by Nerem et al. [9] , critical Reynolds number (Re c ) for unsteady flow takes the form of Re c = kα, with k being the constant of proportionality ranging from 250 to 1000. For our models, Re c ranges from 4393 to 25 210. Since the Re max for our models are lower than this threshold range of Re c , the haemodynamic flow in our model was assumed to be laminar [10] . Blood was also assumed to be Newtonian, incompressible and homogeneous [7] . Blood dynamic viscosity and mass density were inputted as 0.00371 Pas and 1060 kg m −3
, respectively [11] . The aortic wall was assumed to be rigid and a non-slip condition was applied [8] .
Transient analysis was adopted to simulate the pulsatile nature of the blood flow. Time-dependent pulsatile waveforms of flow rate and pressure at the ascending aorta inlet located just above the coronary artery and at the descending aortic outlet respectively, were obtained from Olufsen et al.'s work [12] and used as boundary conditions (Fig. 2) . These had been verified by various in vivo experimental data [7] and were used extensively for both healthy and unhealthy aortas in various numerical simulation works [8, 13] . Each of the three supra-aortic branches, namely, the brachiocephalic artery, left common carotid artery and left subclavian artery was prescribed with 5% of the volume flow rate as determined by an early reported study [14] . These boundary conditions had been used in one of our recently reported studies [6] . The CFD simulation for each model was carried out for four full cycles, such that a time-periodic solution could be obtained [6, 14] . 
Flow patterns
Velocity profile. In order to study the aortic flow patterns, axial cross-sectional velocity profiles at various locations, as illustrated in Fig. 3 , were captured and compared at specific time instants in the cardiac cycle.
Proximal ascending aorta. Examination of the axial planar velocity flow in the ascending aorta in Case A (Fig. 3A) reveals a parabolic flow profile throughout the cardiac cycle except for the early diastole. This trend is observed in Cases B, C and D as well ( Fig. 3B-D) . One geometrical similarity among these four cases is the geometrical smoothness of the ascending aorta, unlike the dilated aortic inlet for Cases E and F. Skewed velocity profiles are also noticed in Cases E and F, with their respective skewness towards posterior and anterior wall where the dilated bump is opposite to (Fig. 3E and F) .
Distal ascending aorta. The velocity profiles at the distal ascending aorta for Cases A-D are generally axisymmetric in the early and late systoles (Fig. 3A-D) . However, they begin to skew towards the inner curvature wall in the peak systole when flow velocity becomes higher (Fig. 3) . During peak systole, the velocity profiles in Cases A and C seem to be more skewed with the presence of bulging brachiocephalic artery ( Fig. 3A and C) . The velocity profiles remain relatively axisymmetric until early diastole when secondary flow develops during flow reversal. For Cases E and F, axisymmetry does not occur in the early and late systoles; in fact, the skewed velocity profiles persist throughout the cardiac cycle ( Fig. 3E and F) .
Aortic arch. Haemodynamic flow near the aortic arch tends to be disturbed due to a combined effect of complicated geometrical features. Secondary flow continues in aortic arch in Case E in early systole (Fig. 3E) . During peak systole, only the velocity profile in Case A resembles a parabola (Fig. 3A) , while the rest are axisymmetrically flat with a uniform velocity magnitude. The degree of this parabolicness appears to be associated with the smoothness of the aortic arch; the smoother the arch's transition, the more parabolic the velocity profile. Skewed velocity profiles across the aortic arch section are observed later in the late systole. The skewness towards the inner curvature wall tends to increase with the curvature of the aortic arch (Cases E and F). Non-elliptical or C-shaped regions indicate the continuity of development of secondary flow in the early diastole.
Descending aorta. The flow in descending aortas for Cases A-E is axisymmetrically parabolic during systole period (Fig. 3A-E) . The C-shaped velocity region across the axial cross-section can be seen only in the early diastole, especially in Cases A and B where the descending aortas are more inclined away from transverse (or horizontal) plane (Fig. 3) . However, the degree of this non-axisymmetry seems to be dependent on the curvature of the descending aorta. For example, the straighter Case E has a relatively parabolic velocity profile across its cross-section. Contrary to all other cases, the flow in double-curved descending aorta (Case F) has noticeable skewness towards its inner curvature wall and outer curvature wall respectively, before and after each bend.
Vortex flow. Figure 4 presents the velocity vector plot of coronal cross-sections of a few cases at various time instants.
Ascending aorta. It can be seen from Fig. 4A that the flow is fairly organized in the ascending aorta of Case B, except during the late systole. Contrary to Case B, vortices are found near the bifurcations of the bugling and twisted brachiocephalic artery of Cases A and C, respectively throughout the cardiac cycle (see supplementary material online). Vortex flow also occurs in the dilated region in the ascending aorta. In Case F, for example, elongated vortices are observed in the dilated region of the ascending aorta (Fig. 4B) . These elongated vortices combine with one another, resulting in highly chaotic flow before toning down.
Aortic arch. findings using a numerical approach. In the current study, it is noted that the smoother arches in Cases A and C have a relatively lower-intensified vortices than the sharper arches Case F. Probably due to the flow's incapability of adjusting swiftly to the sudden change in curvature of the aortic arch, substantial local recirculation occurs in the inner curvature distal to the arch during the forward stroke while the outer curvature proximal to the arch experiences the same phenomenon during reversal stroke. This disturbance of flow is exacerbated by the out-of-plane bending of the aorta.
Descending aorta. Despite the expected fairly gentle flow in the straighter descending aorta with lesser variation in geometrical features, the flow in the descending aorta is not undisturbed at all times. Secondary flow is observed in the mid-descending aorta, particularly during the retrograde flow phrases in early systole and late systole. A point to note is that a pair of twin vortices starts to develop near the inner curvature of the descending aorta first, followed by the outer curvature (Fig. 4A) . Subsequently, these twin vortices grow in size and propagate to the middle descending aorta. This is a common observation for all cases except Case F, in which vortices develop at the inner curvature wall of each bend, distally to the flow direction (Fig. 4B ). This phenomenon conforms to that of the aortic arch when the blood flow is unable to adjust swiftly to the inner curvature after each Helical flow. 
Wall shear stress
WSS, which cannot be measured directly by current in vivo techniques, can be determined from CFD by calculating the gradient of the velocity field. However, a better representative of WSS over a cardiac cycle is the time-averaged WSS (TAWSS). The distribution and lowest dip of TAWSS for the cases are shown in Fig. 6 and Table 2 , respectively. It can be seen that the descending aorta generally tends to have higher TAWSS than the ascending aorta. This is because TAWSS is generally higher in regions where flow is less disturbed and fluent and lower in regions where flow is more disturbed and of lower velocity. Apparently, in most of the cases, the lowest TAWSS of around 25-33 mPa Figure 4 : Velocity vector plots of the longitudinal cross-sections of (A) Case B and (B) Case F at four consecutive critical times in the cardiac cycle. In each case, two cross-sectional planes, labelled as 1 and 2, show the velocity vector plots across the ascending aorta, the aortic arch as well as the descending aorta, respectively.
occurs in branchiocephalic artery, its sub-branches, right subclavian and right common arteries, as well as left subclavian artery ( Fig. 6 and Table 2 ). The only exception is Case F with its lowest TAWSS in the dilated bump at the left-posterior region of the proximal ascending aorta where the disturbed vortex occurs. Moreover, the left common carotid artery apparently experiences lower TAWSS when compared with the other supra-aortic arteries. Regions of relative low TAWSS are also mainly found near the orifices of supra-aortic branches and ascending aorta. Interestingly, slightly lower TAWSS is also noted in the outer curvature wall of the aortic arch than its inner curvature despite the presence of secondary flow in the inner curvature during the forward stroke dominating the cardiac cycle. Besides the aortic arch, a similar observation is found in the S-shaped Case F, where the outer curvature wall near the two consecutive bends experiences a slightly lower TAWSS.
DISCUSSION
Effect of aortic morphology on haemodynamics and developing pathobiology of cardiovascular diseases
Intricate local geometrical features of the human aorta have a profound effect on haemodynamics. Due to the considerable anatomical distortions present in each model, the blood flow in aortas is rather disturbed and substantial recirculation is observed. In our study, it is found that the irregular contour of the aortic wall causes disturbance in the flow pattern. Skewed flow profiles are mainly found in regions where there is abrupt change in the cross-section area, with the tendency to skew towards the opposite side of a dilated region. Additionally, the contouring of the supra-aortic arteries seems to have some influence on skewness of velocity profiles in the distal ascending aorta; the more bulging the supra-aortic arteries are, the higher the degree of skewness would be. The flow profiles in the aortic arch or bends are generally skewed towards the inner curvature wall, and this is consistent with Batten and Nerem's [16] measured result. This skewed flow gives rise to the formation of low-velocity regions where secondary flow occurs. Additionally, our study shows that the skewness towards the inner curvature wall tends to increase with the curvature of the aortic arch.
Vortex flow is prevalent, especially during retrograde flow phases in early and late systole. This is in good agreement with Matsumoto et al.'s [17] finding using tagging cine MR. Due to liddriven cavity effect [18] , a sudden increase in cross-sectional area in the ascending aorta (i.e. aortic dilation) is expected to predispose to flow separation. A significant amount of vortex flow also develops at the inner curvature of the aortic arch during forward stroke and at the outer curvature of the arch during the return stroke. A similar vortical flow pattern was also observed in MR velocity mapping study by Kilner et al. [15] , which validates our qualitative results. Moreover, in our study, it is observed that high-velocity vortices tend to form in the distal aortic arch with increasing curvature. This is in accordance with Naruse and Tanishita's [19] experimental findings. Such disturbance in intra-aortic flow, even in healthy subjects, may have significant relation to the pathogenesis of atheroma in the aortic arch [15] . Our study also shows that a pair of twin vortices in mid-descending aorta stems from the inner curvature wall first, followed by the outer curvature wall, and subsequently propagates to the middle line before merging up as fluent flow. In addition, a helical flow is observed in the ascending aortas using streamline plots, and this confirms Zabielski and Mestel's [20] as well as Kilner et al.'s [15] findings. It is interesting to note that a small degree of helical flow presents in the S-shaped descending aorta (Case F), suggesting a possibility of geometrical influence, other than the pulsatile nature of blood, on helical flow.
WSS, which plays a major role in the generation, progression and destabilization of atherosclerotic plaque, may have important therapeutic implications in atherosclerosis development [21] . Gnasso et al.'s [22] clinical observation showed that lower WSS was associated with plaque in atherosclerosis. In fact, various studies had reported that low WSS increased the expression of E-selectin and adhesion molecules that favour the recruitment of plaque to intima [23] . Surprisingly, despite the presence of secondary flow in the inner curvature dominating the cardiac cycle during the forward stroke, the low-velocity flow during the reversal stroke causes the outer curvature wall of the aortic arch to experience slightly lower TAWSS than its inner curvature wall. In other words, WSS depends on both the magnitude and angle of the velocity vector at the wall; WSS is generally higher in regions where flow is fluent and parallel to the aortic wall and lower in regions where secondary flow occurs. Regions of relative low TAWSS are mainly found in the ascending aorta, for example, around the orifices of supra-aortic branches, the common carotid arteries as well as the outer curvature wall of aortic arch. These coincide with the predilection sites for atherosclerosis reported by literature [24] .
LIMITATIONS
Similar to any other computational study, our work made a number of simplifications and assumptions. The aortic wall dynamics, which are highly dependent on the elasticity of the aortic wall, was not simulated in our study. The elastic aortic wall experiences rapid deformation throughout the cardiac cycle and this may cause local effects on haemodynamics. Nevertheless, as suggested by Hoi et al. [25] , the effects of aortic wall dynamics may be of secondary order to the distinct aortic anatomy. Moreover, the variation in the average aortic size in the entire cardiac cycle is considered as minimal and less significant. The present study made this customary assumption of a rigid aortic wall since the incorporation of aortic wall dynamics poses technical challenges in qualifying the spatial and temporal deformation in these small and complex vessels [25] . However, with advances in computational technologies, the incorporation of aortic wall dynamics would be needed in future study. Another assumption would be the non-subject specific boundary conditions taken from the published work of Olufsen et al. [12] . There are reported works [25] using subject-specific flow conditions for a more accurate prediction of cardiovacular pathology. However, it should be highlighted that it would be inappropriate to use different subject-specific flow conditions in our comparison study.
CONCLUSIONS
As known previously [21] , aortic morphology plays a key role in determining the nature of the haemodynamic pattern, with mutual association between both the former and the latter, which in turns relates to the development of vascular diseases. In the present study, a general trend of haemodynamic behaviours associated with various local geometrical features has been identified. Secondary flow such as vortices, helix and skewness of flow profile, which associates with low WSS, is common in the aorta with irregular contour, numerous bends, bulging supra-aortic branches and large degree of curvature at its arch. Combining with the known correlation between haemodynamics and the underlying risks in the development of cardiovascular diseases, our study hopes to provide a better understanding of the relationship between aortic morphology and developing pathobiology of vascular diseases.
